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Space groups describing the symmetry of lattice structure allow the emergence of fermionic quasiparticles with various degeneracy
in the band structure. Theoretical efforts have predicted many materials hosting fermions with the highest degeneracy, i.e.,
eightfold fermions, yet lacking experimental realization. Here, we explore the band degeneracies in TaCo,Te; crystals. Through
systematic experimental and theoretical analyses, we establish TaCo,Te, as a nonsymmorphic crystal with negligible spin—orbit
coupling (SOC) and long-range magnetic order. These critical properties guarantee the realization of practical eightfold fermions
and fourfold van Hove singularity, as directly observed by photoemission spectroscopy. TaCo,Te, serves as a topological quantum
critical platform, which can be tuned into various magnetic, topologically trivial, and nontrivial phases by adding strain, magnetic
field, or SOC. The latter is demonstrated by our first-principles calculations, which show that enhancing SOC in TaCo,Te, will
promote the experimental observation of bulk hourglass fermions. Our results establish TaCo,Te, as a platform to explore the

interplay between symmetry and band topology.
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INTRODUCTION

It has been an eternal theme in condensed matter physics to
explore emerging low-energy elementary excitations from many-
body interactions and/or symmetry constraints. In analog to high-
energy physics, where the Poincaré symmetry allows relativistic
massless Weyl and Dirac fermions, in condensed matter physics,
Weyl and Dirac-type low-energy quasiparticle excitations have
been realized based on materials like graphene'?, topological
insulator®~¢, and topological semimetals’~'3. At zero momentum,
Weyl and Dirac fermions are twofold and fourfold degenerate,
respectively. Moreover, as subgroups of the Poincaré symmetry,
the 230 space groups in condensed matter physics impose fewer
constraints on the allowed types of fermions. Fermionic quasi-
particles beyond high-energy physics, including threefold, sixfold,
and eightfold fermions, can emerge as band degeneracy'*2%,
Experimental exploration of such band degeneracy represents a
major and yet-to-be-accomplished task.

In Table 1, the spectroscopic observation of fermionic excita-
tions as band degeneracy in crystalline materials is summarized
according to the band degeneracy g and the order of dispersion n.
According to theoretical analysis, there exist cubic (n =3) Weyl
and Dirac fermions®'?3 yet lack experimental observation.
Quadratic (n = 2) Dirac and sixfold fermions have been observed
directly by angle-resolved photoemission spectroscopy (ARPES) in
a-Sn?” and PdSb,?8739, respectively. Besides, all the experimentally
realized fermionic quasiparticles are of linear dispersion (n=1)

with band degeneracy g =2, 3, 4, 6. However, for quasiparticles
with the highest band degeneracy, i.e., eightfold fermions, despite
its theoretical prediction based on space groups 130, 135, 218,
220, 222, 223, 230">19212425 the spectroscopic observation is still
missing. This is particularly due to the difficulty in growing or
handling the candidate materials®'~33, Our approach to overcome
this is to seek materials with negligible spin—orbit coupling (SOC)
effect, which loses symmetry constraints and expands the space
group selection.

In this work, we report the practical realization of eightfold
fermion in a nonsymmorphic (space group 62) crystal TaCo,Te,.
Magnetic property measurements reveal no signature of long-
range magnetic order despite the existence of Co atoms. ARPES
measurement revealed a double Dirac cone (DDC) feature at the
Brillouin zone (BZ) X point. Density functional theory (DFT) analysis
prove this feature as an eightfold degenerate node at the S point
of bulk BZ, protected by the combination of crystalline and time-
reversal symmetry. The inclusion of SOC only opens a negligible
gap, rendering a practical realization of eightfold fermions. Such
symmetry combination also protects a fourfold (robust against
SOQ) van Hove singularity (VHS) at Z close to the Fermi level (Ef),
which represents a type of VHS beyond the recent classifications
of high-order VHSs3>*3%, Both the eightfold fermion and fourfold
VHS have been directly observed by ARPES. These magnetic and
electronic properties establish TaCo,Te, as a topological quantum
critical platform that can be tuned into various magnetic,
topologically trivial, or nontrivial phases'>'®, say, by inducing
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Table 1. Experimental observation of different types of fermions in material families.
Order of dispersion n Band degeneracy g
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Fig. 1 Eightfold fermions and fourfold VHS in nonsymmorphic TaCo,Te, with negligible magnetic order. a Crystal structure of TaCo,Te,.

b Three-dimensional BZ of TaCo,Te,. ¢ Single-crystal X-ray diffraction (XRD) result taken at 300K. d Zero-field-cooled (ZFC) and field-cooled
(FC) magnetic susceptibility (x) vs. temperature (T) for magnetic field H = 0.2 T parallel to the c axis. Inset: Field-dependent magnetization (M)
at 1.8 K. e, f DFT calculated dispersions along the high-symmetry path without considering SOC (e) and with SOC (f).

magnetism, SOC, symmetry breaking via chemical, strain, or band
engineering. As an example, we use DFT calculation to prove that
enhancement of SOC would increase the band pair splitting of
bulk hourglass fermions hosted by TaCo,Te, and make the ARPES
observation of such band features feasible. These results suggest
TaCo,Te, as a platform to explore the interplay between
symmetry and band topology.

RESULTS

Basic properties of TaCo,Te,

TaCo,Te, crystallizes in an orthorhombic structure®. Using single-
crystal X-ray diffraction (SCXRD), we determine its lattice structure
as lattice constants a=6.6116Ab=65735A,¢c=17.783A in
space group 62 (Pmcn). The corresponding BZ is shown in Fig.
1b. The crystallinity of as-grown single crystals was examined by
XRD. As shown in Fig. 1¢, all the diffraction peaks can be well
indexed by the (00/) reflections with c=17.783 A. The magnetic
property of TaCo,Te, is shown in Fig. 1d. First, no order behavior
can be observed from x — T measurement, indicating the absence
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of magnetic order in the current temperature region. Between 100
and 300K, the slope of x — T curves can be positive or negative
depending on samples, neither of which can be fitted by
Curie-Weiss law, indicating extrinsic origin. Second, the value of
X in TaCo,Te, is 3 orders of magnitude lower compared to typical
cobalt compound Co3Sn,S,%”38, suggesting negligible Co
moment. Third, the field-dependent magnetization (M — H) curves
show no signs of saturation or hysteresis. All the above magnetic
properties enable us to omit the magnetism of TaCo,Te, in the

following electronic structure study.

Calculated band structures of TaCo,Te,

Figure Te, f shows the band structure of TaCo,Te, along the high-
symmetry path calculated by DFT without and with considering
SOC, respectively. Due to the experimentally observed Fermi level
being about 50 meV lower than the theoretical Fermi level, we
adjust the Fermi level and use the experimentally observed Fermi
level as a reference in Fig. 1e, f. Two exotic features in the k, =0
plane (T — X — M — Y —T plane) are noticeable. The first one is a
DDC feature (~ —0.17¢eV) at X point (highlighted by red ellipses).
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Fig. 2 Observation of practical eightfold fermions in TaCo,Te,. a Integrated photoemission intensity maps in the k, — k, plane taken at
Ez = 0.13 eV measured by varying photon energy. b, ¢ Fermi surface in the k, — k, plane measured with photon energies 24 eV and 90eV,
respectively. d Fermi surface calculated by DFT with projection to the k, —k, plane. e The band dispersion along the k, direction at

ky = 0.67 A™" as shown in (a) Cut1. f-i ARPES measured spectra (second derivative plot) and corresponding DFT calculated dispersions along

high-symmetry paths with SOC.

Figure 2g shows that this DDC has two fourfold degenerate points
separated by a Dirac gap ~ 0.7meV. The second one is a double
VHS feature close to Er at I' point (highlighted by blue ellipses).
Along I' — X direction they are electron pockets centered at I' and
crossing Efr, while along ' —Y they are hole-like, yielding two
saddle point VHSs.

When moving to k, = plane (Z—S—R—T—Z plane), the
energy splitting between band pairs decreases and even vanishes,
resulting in doubled band degeneracy. The DDC feature at X
merges into a single, fourfold Dirac cone with a gapless, eightfold
degenerate point at S (Fig. 2h, i). This eightfold fermion is
symmetry-protected without SOC, determined by the projective
irreducible representations (IReps) of the little group at S. Since
the system is nonmagnetic without considering SOC, we only
need to consider single-valued IReps. The nonsymmorphic group
Pmcn has higher dimension IReps at the boundary of the first BZ*°.
At S, the little group has two two-dimension IReps, which are
conjugated to each other. Due to the time-reversal symmetry, the
two conjugated IReps will become a four-dimension IRep through
the direct sum. Moreover, since the SOC here is negligible, we first
consider a system without SOC. In this case, the spin space has
SU(2) symmetry protecting the spin degeneracy. Therefore, the
band at the S point is eightfold degenerate. On the other hand,
when considering SOC, the degeneracy will be determined by the
double-valued projective IReps of the little group, and the SU(2)
symmetry will be broken. Although the double-valued IReps of the
little group at S also include a four-dimension IRep, the time
reversal cannot lead to eightfold degeneracy'>'°. Therefore, SOC
will generally open a gap at S. But the following ARPES
measurement (unresolvable) and DFT analysis (~ 0.4meV) both
manifest that this SOC-induced gap is negligible.

Besides, the double VHSs at I merge into one single VHS at Z,
forming a fourfold VHS, robust against SOC. First, Z is invariant
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under inversion symmetry P and a glide mirror
My : (x,y,2) — (=X,y + 3,z +13). In this case, if a Bloch state |u)
is an eigenstate of M, with eigenvalue g,, there is another state of
the system P|u). Moreover, because of the fractional translation of
My, the two operators are anticommutative, {P,M,} = 0, which
gives MyP|u) = —PM|u) = —g,P|u).Thus, |u) and Plu) must be
linearly independent for their opposite eigenvalues. Then, since Z
is a time-reversal invariant momentum and the time-reversal
operator T has T2 = —1, the band at this point has a Kramer
double degeneracy. Therefore, for the states |u) and P|u), there
must be linearly independent states T|u) and TP|u) having the
same energy. Because PT = TP here, TP|u) is equal to PT|u). So,
the independence of T|u) and TP|u) can also be argued by the
anticommutation relation. Furthermore, the Z point is also
invariant under the combination of time-reversal and inversion
symmetries TP with (TP)* = —1. Thus, TP|u) is another Kramer-like
double degenerate state of |u) at Z. Therefore, for any eigenstates
|uy of My with momentum vector (0,0,7) in the crystal, there
must be three linearly independent states P|u), T|u), and TP|u).
Namely, the bands at Z are all fourfold degenerate.

Practical eightfold fermions in TaCo,Te,

Photon energy-dependent ARPES measurement shown in Fig. 2a
presents a periodic pattern of spectral intensity in the k, — k, plane
taken at Eg = 0.13 eV, helping to define the high-symmetry points of
r,Z,X,S, using lattice constant ¢ =17.78 A and inner potential
Vo = 13.5eV. Figure 2e shows the corresponding band dispersion
along k, direction at k, = 0.67 A™". Fermi surfaces mapped by
ARPES at different k, planes in Fig. 2b, ¢ present features consistent
with the DFT projection (Fig. 2d). Of particular interest are two
elliptical features next to X, which come from the DDC features along
T — X —T direction. In Fig. 2f-i, we compare the ARPES measured
DDC spectra along ' =X —T and Z — S — Z to the DFT calculated
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Fig. 3 Observation of fourfold VHSs in TaCo,Te, and predicted realization of hourglass fermions in Talr,Te,. a DFT calculated fourfold
bands along S — Z — T. b, d Fermi surface in k. — k, plane measured with photon energy 90eV, with the measurement plane defined by the
incident light and emitted electrons parallel to Z — S (b) and Z — T (d) directions, respectively. ¢, e Second derivative ARPES spectra taken from
the momentum cut indicated by red lines in (b) and (d), respectively. f Second derivative ARPES spectra showing the feature of hourglass

fermion predicted in TaCo,Te,. g-i DFT predicted hourglass fermions.

ones. For the DDC feature centered at X, the band pair splitting can
be clearly resolved in the second derivative plot and splitting bands
are marked by yellow arrows shown in Fig. 2f (for details, see
Supplementary Fig. 1a—c). It is noted that this splitting in ARPES
spectra is more evident for the outer cones than the inner ones,
probably resulting from the fact that the inner ones are more
dispersed along k; direction, and its projection into the k, — k, plane
may smear out its own splitting. According to the above symmetry
analysis, moving to k, = 1 plane merges the DDC feature into a
single but fourfold degenerate Dirac cone, with an eightfold
degenerate Dirac point (as shown in Fig. 2i. For details, see
Supplementary Fig. 1d-f). This is indeed observed in the ARPES
spectral along Z — S — Z direction, as shown in Fig. 2h. Compared to
ARPES spectra along ' — X — T, spectra along Z — S — Z show the
absence of band pair splitting and the presence of a degenerate
point with enhanced spectral weight. These features clearly prove
the fourfold band degeneracy and the existence of eightfold fermion.
The SOC-induced gap (~ 0.4meV according to DFT in Fig. 2i) is
negligible compared to the breadth of observed bands in ARPES
spectra (Fig. 2h).

Fourfold VHSs in TaCo,Te,

We then focus on the fourfold VHS at the Z point as shown in
Fig. 3a. According to DFT, this VHS manifests itself as an electron
pocket along Z—S and a hole pocket along Z—T, thus as a
saddle point with a divergent density of states. To measure the
corresponding spectra, we first align the Z — S direction parallel to
the measurement plane and then make a Fermi surface mapping.
As shown by the mapping in Fig. 3b, the spectral weight is heavily
suppressed at Z in the first BZ due to the measurement geometry
and orbital symmetry of the contributing electrons. So we chose
the extended BZ to extract the cut along S —Z — S. As shown in
Fig. 3c, ARPES spectra indeed present an electron-like pocket
centered at Z with its minimum binding energy ~ 32meV. Then
the sample is rotated by 90° so that Z—T is parallel to the
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measurement plane. The ARPES spectra along T—Z—T are
extracted from the corresponding Fermi surface mapping (Fig. 3d).
As shown in Fig. 3e, a hole-like pocket centered at Z can be
resolved. Comparing Fig. 3c and g, it is found that the minimum of
the electron pocket along S — Z — S coincides with the maximum
of the hole pocket along T—Z —T, being evidence of a saddle
point. As our previous symmetry analysis has proven Z as a
fourfold degenerate point, this saddle point is thus a fourfold
degenerate VHS, which goes beyond the recent classifications of
high-order VHSs**3>. In the energy-resolved density of states
(DOS) plot, a significant DOS enhancement at the saddle point
energy can be seen (for details, see Supplementary Fig. 2).

DISCUSSION

Combining magnetic, structural, and electronic structure experi-
ments and calculations, we have proved that TaCo,Te, shows
topological quantum critical behaviors related to its magnetic and
electronic properties. Chemical substitution or applying strain may
change the valence state of Co atoms and introduce large
magnetic moments so that long-range magnetic order and
magnetic quantum critical points are expected (for details, see
Supplementary Figs. 3-5). The negligible SOC leads to the
practical realization of eightfold fermions, which, according to
theoretical analysis'>'°, serves as a topological quantum critical
point. Symmetry breaking via magnetic field or uniaxial strain may
lead to various topologically trivial or nontrivial phases such as
Dirac point, Weyl point, or nodal lines. The enhanced DOS by
eightfold degeneracy and fourfold VHS also amplifies electron
correlation, potentially resulting in various ordering instabilities
and many-body interactions. Thus, we establish TaCo,Te;, as a
conjoint topological and quantum critical platform with a handful
of stimuli available to tune its physical properties.

We take SOC as an example of such a stimulus to theoretically
demonstrate its tunability. As shown in Fig. 3g, the nonsymmorphic
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symmetry guarantees band features hosting hourglass fermions'”
along S — R in TaCo,Te,, distinct from surface hourglass fermions as
discussed in KHgSb*®, which are the surface states in a type of
topological insulators'”. The bulk hourglass fermion in our work is a
nodal loop semimetal constructed by the hourglass crossing points in
the glide-invariant plane of the BZ*'**2, It has been shown that the
nodal loop in the bulk can give rise to drumhead surface states with a
split band at the sample surface where the nodal loop is projected
on*®3. As shown in Fig. 3g, the predicted splitting between adjacent
Dirac crossing is too small to be resolved in the ARPES spectra in
Fig. 3f. Increasing the effect of SOC, e.g,, via substituting Co with Rh or
Ir, would increase the adjacent Dirac crossing splitting and promote
the practical observation of hourglass fermion features by ARPES. This
expectation is indeed true, as proved by our DFT calculation on the
isostructural TaT,Te,, where T represents Co, Rh, and Ir (Supplemen-
tary Fig. 6). As shown in Fig. 3g-i, in the considered energy-
momentum region always exists an hourglass fermion feature for all
the three materials. With increasing SOC, the energy splitting between
adjacent Dirac points increases from ~ 3meV in TaCo,Te, to ~
15meV in Talr,Te,. The latter energy scale is comparable to the
breadth of observed bands here, thus making the ARPES observation
of hourglass fermions and the related drumhead surface states in
Talr,Te, very promising. Our observation thus calls for further efforts to
explore exotic states of matter and the interplay between symmetry
and band topology based on the TaCo,Te, family of materials.

METHODS
Sample growth and characterizations

High-quality TaCo,Te, single crystals were synthesized using a
chemical vapor transport method with |, as a transport agent. The
mixture of Ta powder (purity 99.9%), Co pieces (99.99%), and Te
shot (99.99%) were prepared with a molar ratio of Ta: Co: Te = 1: 1:
2 and sealed in a quartz tube under high vacuum. Then it was
placed in a horizon two-zone tube furnace and maintained under
a temperature gradient of 950-850 °C. After 2 weeks, shiny single
crystals with a typical size of about 1 x 2 x 0.1 mm? were obtained.
The structure of the crystals was characterized by X-ray diffraction
with Cu Ka radiation at room temperature using a Rigaku Miniex
diffractometer. The diffraction pattern can be well indexed by the
(00/) reflections. Magnetic measurements were performed using
the QD Magnetic Property Measurement System (MPMS) with the
Vibrating Sample Magnetometer (VSM) mode. Temperature-
dependent magnetic susceptibility and the field-dependent
magnetization results were collected with an external magnetic
field of 0.2T, which is parallel to the ¢ axis.

ARPES measurement

ARPES measurements were performed at the beamline 13U of the
National Synchrotron Radiation Laboratory (NSRL) and the beam-
line 1 of the Hiroshima Synchrotron Radiation Center (HSRC),
Hiroshima, Japan. The energy resolution was set at 25 meV for
Fermi surface mapping and 125meV for band structure
measurements, respectively. The angular resolution was set at
0.1°. Samples were cleaved in situ along the (001) crystal plane
under ultra-high vacuum with pressure better than 5x 10~ 'mbar
and temperatures around 20K.

First-principles calculations

The first-principles calculations are performed using the Vienna ab
initio simulation package*** within the projector augmented wave
method*®. The exchange correlation functional was treated within the
generalized gradient approximation in the Perdew-Burke-Ernzerhof
formalism®’. The plane-wave basis with an energy cutoff of 500 eV.
The BZ was sampled by using the I-centered 5x5x2 Monkhorst-Pack
grid* in the self-consistent calculation. The spin polarized calculations
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5
are calculated to give a nonmagnetic ground state. In addition, a
tight-binding (TB) Hamiltonian based on the maximally localized
Wannier functions (MLWF)* is constructed by using the Wannier90

package®. Through the TB Hamiltonian, the Fermi surface is further
plotted by using the WannierTools package®'.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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